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Abstract 
Ring closing metathesis (RCM) reactions using Grubb's 1st generation catalyst form rings 
with an alkene. If the ring size permits, then a mixture of E and Z products can result but the 
dominant isomer cannot be predicted. By synthesizing a series of substituted 10-membered 
lactones and measuring the resulting E/Z ratios after RCM we are examining how steric effects 
control the stereoselectivity of the reaction . Differences in the relative stabilities of E and Z 
RCM intermediates have been explored computationally at the DFT-B3LYP level of theory for 
series of methyl substituted and t-butyl substituted 10-membered lactones. For most 
substrates, the difference in energy between the two intermediates is negligible. We have 
synthesized five methyl substituted RCM substrates and are currently determining 
experimental E/Z ratios for this series. We have so far observed ~1:1 E/Z ratios fo r substrates 
with a methyl group distant from the forming alkene. 
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Organic Synthesis and Computational Chemistry 
Modern day research in organic synthesis is partitioned into two categories, total 
synthesis and methodologies research. The goal of methodologies research is to uncover 
convenient and selective methods to illicit synthetic transformations. The development of a 
new method typically proceeds in three phases: discovery, optimization, and a study of the 
scope and limitations of the method. The continuing development of synthetic methodologies 
is important because it provides the tools necessary for the total synthesis of complex natural 
products and pharmaceuticals. 
Computational chemistry, which emerged in the 1950s, is still a relatively new and 
rapidly changing field. Wave mechanics, the formulation of quantum mechanics developed by 
Erwin Schrodinger in the mid 1920s, provided a mathematical model for the behavior of 
systems at the atomic and subatomic level. His theory focuses on the idea of a wavefunction, 
from which various physical properties may be calculated. The wavefunction of an atom or 
molecule containing more than one electron cannot be found precisely, this necessitated the 
development of approximate methods for the calculation of ground state wavefunctions for 
many-electron systems. Among the most commonly employed approximation methods are 
Hartree-Fock (HF) theory (developed by Hartree, Fock, and Slater} 1 and Density Functional 
Theory (DFT} (which is based on theorems described by Hohenberg and Kohn).1 Computational 
chemistry has become an accessible tool to chemists as a result of software such as Spartan and 
Gaussian. By melding computational and synthetic methodologies research, experimental work 
can be guided and understood from a computational bases. This allows for the identification of 
theoretical models to explain how well a reaction will work for any given substrate. Such modes 
are particularly important when a synthetic transformation is required to be chemoselective 
and stereoselective. 
1 Jensen, F. Introduction to Computational Chemistry; Wiley: 1998; pp 6-8 
Olefin Metathesis 
Reactions that form C-C bonds are crucial to synthetic organic chemistry because they 
allow the carbon backbone of the target molecule to be assembled; transition metal catalyzed 
Catalyst 
metathesis (the exchange of bonds between two molecules) belongs to this class of reactions 
but its entrance into the arena of organic synthesis is quite recent. The Shell Higher Olefin 
Processes (SHOPL established in 1979, is an example of an early industrial application of 
transition metal catalyzed metathesis reactions. 2 SHOP utilizes a nickel catalyst to facilitate the 
preparation of more useful medium sized olefins from short and long olefins through double 
bond isomerization and metathesis.3 Early metathesis catalysts were poorly defined and were 
sensitive to functional groups present on the substrate. Catalyst development in the mid 1990s 
saw the emergence of new and promising catalytic systems for olefin metathesis. 
Catalyst Development 
The synthesis of homogeneous catalysts such as Shrock's catalyst and Grubb's 1st 
generation (Gl) catalyst, which were reported in 1990 and 1995, played major roles in 
advancing olefin metathesis as a valuable synthetic tool. 4 A selection of metathesis catalysts are 
shown in figure 1. Although Grubb's ruthenium based Gl is less active than Shrock's 
molybdenum catalyst, it is remarkable due to its tolerance of functionality on the substrate and 
2 Schuster, M.; Blechert, S. Angew. Chem., Int. Ed. Engl. 1997, 36, 2036-2056 
3 Wittcoff, H.A.; Reuben, B.G.Industrial Organic Chemicals. Wiley, New York 1996, 117-118 
4 Armstrong, S.K. J. Chem. Soc., Perkin Trans. 1998, 2, 371 
Shrock's 
Grubb's 1st 
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Grubb's 2nd 
Generation 
its air and water stability. 6 Grubbs shared the 2005 Nobel Prize with Richard Schrock and Yves 
Chauvin for, "Making metathesis one of organic chemistry's most important reactions."5 
Grubb's catalyst is based on a ruthenium metal center with a double bonded carbon atom, a 
Fischer carbene. Grubbs eta/. found that the dissociation of a phosphine ligand is crucial to the 
activity of the catalyst and that smaller halogens such as Cl allow the catalyst to more tightly 
bind to the olefin substrate.6 Grubb's 2nd generation catalyst (G2), which has a more electron 
donating imidazoline moiety in place of one tricyclohexylphosphine group is much more active 
than Gl, but it is more sensitive to air and water. 7 Grubb's catalysts are particularly useful to 
organic synthesis because of their ability to catalyze Ring Opening Metathesis Polymerization 
(ROMP} and Ring Closing Metathesis (RCM) which provides access to medium and large-sized 
rings, that are difficult to synthesize by any other means. RCM is an intramolecular reaction 
which both alkene groups are on the same molecule.8 The catalyst acts to join the two ends of a 
diene w ith a double bond and expells an equivalent of ethene. 
5 Lindgren, M.; The Nobel Prize in Chemistry 2005 Press Release online at http://www.nobelprize.org 03/10/2010 
6 Dias E.L.; Nguyen, S.T.; Grubbs R.H . J. Am. Chem. Soc. 1997, 119, 3887-3897 
7 Straub, B. F.; Angew. Chem. Int. Ed. 2005, 44, 2073-2077 
8 Maier, M .; Angew. Chem. Int. Ed. 2000, ~ 2073-2077 
t 
The most widely accepted 
mechanism of olefin metathesis is based 
on the mechanism proposed by Yves 
Chauvin which involves a 
metallacyclobutane intermediate (figure 
2). 9 The first step is the coordination of 
the metal catalyst (which is represented 
by M=) to one end of the diene 
substrate. Cycloaddition between the 
coordinated alkene and the Fischer 
carbene produces first metallacycle 3 
which cleaves to give 4, expelling ethene. 
Intramolecular cycloaddition between 
the catalyst and the remaining alkene in 4 
gives the second metallacycle 5. Grubbs et 
a/. have suggested that the formation or breakdown of 5 is the rate determining step, 
depending on the substrate. The cleaving of 5 gives the product 6 and regenerates the catalyst. 
Stereoselectivity 
Olefin metathesis can be a very useful tool in organic synthesis and RCM is a convenient 
method for the construction of ring systems commonly seen in complex natural products. 10 
However, because RCM installs a new double bond, the issue of stereochemistry can arise, 
particularly if the ring is large enough {9 carbon atoms or greater) which facilitates the 
formation of both E and Z products. The Z:E ratio in which the product is obtained depends on 
the substrate as well as the choice of catalyst. Scheme 2 shows three examples in which RCM 
was being utilized to close a 10-membered lactone ring .. In 1997, FOrstner eta/. used Grubb's 
9 Chauvin, Y.; Angew. Chem. Int. Ed. 2006, 45, 3740-3747 
10 Trnka, T.M.; Grubbs, R.H.; Ace. Chem. Res. 2001, 34, 18-29 
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15t generation catalyst in the synthesis of jasmine ketolactone 8, the product was obtained as a 
1.4:1 Z:E mixture (8 and 9), only slightly favoring the Z isomer. 11 In 1999 Crimmins et a/. 
obtained the lactone products 11 and 12 in a 12:1 Z:E mixture, significantly favoring the Z 
isomer. 12 Grubb's 2nd generation catalyst was used by Tae eta!. in 2007 to synthesize the 
lactone product 3.6 exclusively as the E isomer.13 These examples suggest that Gl and G2 
demonstrate different preferences for forming theE and Z alkene products. Furthermore, in the 
case of Gl, the extent to which one isomer is preferred can vary widely from one substrate to 
another and is impossible to predict. The first two reactions in Scheme 2 both start from similar 
substrates 7 and 10, which differ only in the placement and identity of ring substituents, and 
yet each product is produced with drastically different preferences for the Z isomer. 
11 . 
Fu rstner, A.; Mull er, T. Synlett 1997, 1010-1012 
12 Crimmins, M.T.; Emmitte, K. A. Org. Lett. 1999, 1., 2029-2032 
13 Lee, J.; Jung, Y.; Tae, J. Bull. Korean Chern. Soc. 2007, ~ 513 
The effect of an auxiliary group on the stereoselectivity of RCM using G1 and G2 was 
investigated by Lee and Grubbs.14 Because the auxiliary group is placed on a terminal alkene 
carbon, it is lost from the substrate as the metathesis proceeds, and is therefore not present in 
the product. Figure 3 summarizes the group's findings, E/Z in parenthesis are at low conversion 
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100 10.8:1 (4.0:1) 
80 9.7:1 (3.6:1) 
23 2.2:1 
Suprisingly, they did not observe any pronounced substrate effects on the E:Z ratios, with all 
entries showing an E selectivity, which was made more dramatic when G2 was used. Grubbs et 
a/. noticed a large difference between the early conversion E/Z ratio and the final E/Z ratio 
when using G2. Monitoring the E/Z ratios of the reactions for entries 1 and 2 (R=H) over time 
led them to conclude that the origin of the G2 catalyst's high stereoselectivity is due to 
secondary isomerization of the initial metathesis products. Thus forming the 
thermodynamically more stable isomer as the major product. 
14 Lee, C.W.; Grubbs, R.H. Org. Lett. 2000, ~ 2000 
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Figure 4 shows that as the RCM reaction proceeds, the E/Z ratio remains about constant in the 
case of the Gl catalyst, but becomes signifcantly greater in thecase of the G2 catalyst. Grubbs 
concluded that the G2 catalyst is active enough to react with the product, thereby making the 
RCM reaction reversible, and under thermodynamic control. The E/Z ratio remains constant 
when using the Gl catalyst because it does not react with the product, suggesting that RCM 
with Gl is under kinetic control and the product with the lowest energy of activation for 
metallacyclobutane formation should be favored. The G2 catalyst demonstrates impressive 
selectivity for the thermodynamically stable product (typically the E isomer). So the challenge 
lies in identifying the factors that contribute to Z selectivity with Gl. 
Computational Studies 
Several groups have computationally studied RCM reaction pathways. 15 But there are 
very few published studies regarding the reaction's stereoselectivity.ln 2005, Vyboishchikov and 
Thiel completed a model study of RCM stereoselectivity for the RCM system in figure 5 at the 
15 For examples, see: (a) Fomine, S.; Vargas, S.M.; Tlenkopatchev, M.A.; Organometallics, 2003, 22, 93-99. (b) 
Piacenza, M.; Hyla-Krypsin, 1.; Grimme, S.; J. Comput. Chern. 2007, 28, 2275-2285. (c) Adlhart, C.; Chen, P.; J. Am. 
Chem. Soc. 2004, 126, 3496-3510. 
DFT-BP861evel of theory using effective core potentials (for ruthenium only) and the 6-31G* 
basis set. 16 This model chemistry is equivalent to using the 6-31G* basis set for all main group 
atoms, and approximating the electronic effects ofthe ruthenium metal center as a single core 
potential. The group studied the energetics of the reaction pathways leading to E and Z 
products for a set of five substrates and determined that the formation of the 2nd 
metallacyclobutane (Fig 2: 2.5) sets the stereochemistry of the product obtained after the final 
cleavage. They also found that the initial metathesis may occur at either of the two terminal 
OR 0 
0 
~ /R' ~ R~ 
pathway A 
Substrate 1: R=H, R'=H 
Substrate II: R=Me, R'=H 
Substrate Ill: R=H, R'=Me 
Substrate IV: R=Me, R'=Me 
pathway B 
t8rmlna ! pc~iti c n of the al .ene JS md1c !'C. 
Grubb's G2 M ~~0~ 
alkene groups, pathway A or pathway B as shown in Figure 5. Thiel et at. were not able to 
eliminate either pathway based on the energetics of Ru insertion. Thus two pathways are 
possible each with E and Z variations. Figure 6 shows the formation of the stereochemistry 
defining metallacycle for each of the pathways. For pathway A, the initial metathesis event 
occurs at the unsubstituted alkene. 
16 Vyboishchikov, S.F.; Theil, W. Chem. Eur. J. 2005, J.L 3921-3935 
R' 
R' 
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OR 
~0"' 
R'R' ""' 
M ~~0~ 
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The metallacycle for pathway A retains the R' substituted carbon. In contrast, the substituted 
carbon is lost during the first metathesis for pathway B. The two metallacycles differ in position 
of the Ru atom and substituents on the metallacycle. 
Vyboishchikov and Thiel's findings are summarized in Figure 7, and the favored isomer 
was predicted on the basis of which pathway (E or Z) was more energetically favored. 
Substrate Favored Product ~~Ez-E (Kcal/mol) 
I z -6.8 
II z -3.2 
Ill z -2.4 
IV E 1.2 
F1 g :.Jfe ? : Table sum :n~· i, ,n ; "redic~:t. s 1. ~ e re ,: chem f·;t;~· of F<CM r;r, 5"bStt<it i' " , .. Jv s in~ Gr<.ibb s 2;·· g er.e·a,.lon c w ! y st 
The group on ly considered pathway A for all four substrates, because pathway B would have 
rendered Ill and IV indistinguishable from I and II. Model substrates I-IV were not identical to 
the substrates used in the experimenta l studies cited by Thiel, however Ill and IV are similar to 
substrates used by Alois FOrstner in his synthesis of (-)Salicylihalamide. 17 The computational 
predictions of stereoselectivity with substrates Ill and IV made by Vyboishchikov and Thiel are 
in qualitative agreement with the experimental E/Z ratios, 0:100 and 66 :34 respectively, 
observed by FOrstner. This study identifies the 2nd metallacycle as the key intermediate that 
determines the stereochemistry of the final product, and also shows that it is possible to 
predict, at least qualitatively, the stereochemical outcome of RCM reactions using 
computational methods. 
If the formation/cleavage of metallacycle 5 (figure 2) determines the stereochemistry 
and is the rate determining step, then whether the E or Z isomer is favored will depend on 
whether the E or Z metallacycle has a lower barrier of formation. Figure 8 shows the relative 
Rxn coordinate 
barriers of formation and metallacycle stabilities for the formation of the key metallacycle as 
either the E or Z form. In the diagram, the Z metallacycle is more favorable, because there is a 
lower Eact associated with its formation. Comparing the energies of the E and Z 
metallacyclobutane intermediates should be indicative of the relative stabilities of the 
17 FOrstner, A.; Dierkes, T.; Th iel, O.R.; Blanda, G.; Chern. Eur. J. 2001, Z, 5286-5298 
transition states that lead to those intermediates. Therefore the relative stabilities of the 
metallacycle intermediates can be used to estimate the barriers of formation by the Hammond-
Leffler postulate. 
Our metathesis research focuses on combining the experimental study performed by 
Lee and Grubbs in 2000 and the computational study performed by Vyboishchikov and Thiel in 
2005. We are synthesizing a series of methyl-substituted 10-membered lactone rings via RCM 
using Grubb's 151 generation catalyst and rationalizing the observed E/Z selectivities by 
computational means. We have also began computationally studying a series of t-butyl 
substituted 10-membered lactone rings. Understanding how steric bulk substituted around the 
diene backbone influences stereoselectivity will provide a model for predicting the favored 
alkene isomer for similar RCM systems. 
Discussion 
Computational 
For a set of 5 methyl-substituted RCM substrates we have completed a computational 
study ofthe relative stabilities of E and Z metallacyclobutane intermediates the DFT-B3LYP level 
of theory. We have also made progress towards the synthesis and ring closing of these five 
0 
0~ 
substrates using the Gl catalyst, in order to determine experimental E/Z selectivities. The 
experimentally determined E:Z ratios were used to gauge the predictive ability of our 
computational model, in terms of identifying the favored isomer. A computational study of an 
analogous t-butyl substituted series of substrates has also been completed in order to 
determine the effects of a more sterically demanding substituent on the predicted E/Z 
selectivity of RCM with the Gl catalyst. 
We are not studying terminally substituted olefin substrates, since Lee and Grubbs did 
not observe any significant change in E/Z ratios when using different auxiliary groups. This may 
be a result of the initial metathesis event removing the auxiliary before the stereochemistry 
defining metallacycle formation (see mechanism in figure 2). In order to sidestep this potential 
problem, we examined substrates where the substituent is present throughout the reaction. 
A total of 72 intermediates were examined (8 intermediates for each of the 9 
substrates), all of which featured a non-classical structure for the metallacycle. The comparison 
of these intermediates with cyclobutane highlights several unique features of the 
metallacyclobutane. Cyclobutane is symmetrical, with four equal bonds and angles. 
A= 86.6° A=113.8o 
8=79.8° 8=113.8° 
C= 77.9° (=113.8° 
D=11S.r 0=113.8° 
HgtWf Hl : Comparisoa o\;:; metallac cfe>butann t .. c~ ·::ob ~ ID '1,: ;:,,, Q~ _,;,di~•i., bond lcng.ns und anelas arc d!solaye'.i 1or 
~..:iH.h . 
The presence of the ruthenium atom, significantly distorts the cyclobutane ring. The 
metallacycle has two sets of similar bonds. The weaker Ru-C bonds A8 and AC are significantly 
longer than the C-C bonds BD and CD. This gives the metallacycle a compressed structure, 
wherein the ruthenium atom (A) and the carbon atom (D) are closer together than they are in 
cyclobutane. The bond angles ABO, ACD, and BAC are much smaller for metallacyclobutane 
than the corresponding cyclobutane angles, upwards of 30% smaller for angle ACD. Despite 
having all equal bond lengths and angles, cyclobutane is not planar. It instead adopts a 
"puckered" conformation which helps relieve conformational strain. It was surprising to see 
that these metallacycles are essentially planar. Figure 9 shows the planar metallacycle 
(substrate is not shown) alongside the puckered cyclobutane, highlighting the differences. 
Flgur -~: He~d or it> ~ C' f me• alta eve' . ~nd ryclobut;1:1e, hydrogens h;we be- n ornlt•ed for ( 3r rty. 
Cl, 
(Cy)3P "~,1 -?<"" Cl · 
The metallacycle RCM intermediates have not 
been previously i'solated or even observed 
spectroscopically, and so these non-classical 
structures cannot be confirmed experimentally.18 
However, Suresh and Koga published a 
computational study in 2004 examining the structure 
of unsubstituted meta llacyclobutanes such as that in figure 9. They concluded that a bonding 
interaction exists between the orbitals of the three carbon fragment and the formally empty d/ 
18 Sanford, M.S. PhD. Dissertation, California Institute of Technology, 2001 
orbital on ruthenium. 19 This stabilizing interaction is maximized for a planar metallacycle with 
the Ru and opposite C atoms in close proximity, which explains the unique structure of the 
metallacycle. We have found this Interaction to also influence the structures of the 
metallacycles substituted with 10-membered lactone substrates. 
Entry Substrate 
2 
4 
R=~ 
Most stable 
intermediate 
z 
.D.E (kJ/mol) 
6.19 
Predicted major 
product 
0~ 
For each substrate examined in this study we have calculated the energy of the 8 
possible metallacycles which cleave to give the final product. Each substrate can give rise to 4 
metallacycles that cleave to give E product and 4 that cleave to give Z product alkenes. The 
energies of these intermediates are tabulated in the results section. For each substrate, the 
most stable E and Z intermediates were compared to determine the overall more stable 
19 Suresh, C.H.; Koga N. Organometallics 2004, 23, 76-80 
intermediate and the relative energy difference between the two. Figure 14 summarizes the 
computational results for the series of methyl substituted 10-membered lactone ring RCM 
substrates. In all but the 4th substrate, theE intermediate is more stable and thus the E alkene 
product is predicted to be the kinetic (favored} product. The 4th substrate, which has an allyl 
methyl group, the Z intermediate is more stable. However, for all but the sth and possibly 2nd 
substrates, the difference in energies between the E and Z intermediates is small. We would 
expect poor E/Z selectivity for substrates 1, 3, 4 and E selectivity for the 2nd and sth substrates. 
A series of tert-butylated substrates were examined to determine if a more sterically 
demanding substituent resulted in greater energy differences between E and Z intermediates 
and therefore a greater predicted E/Z selectivity. For substrates 6-9, theE intermediate is more 
Entry Substrate 
0 
9 R)lO~ 
t-Bu 
R= ~ 
Most stable 
intermediate 
E 
~E (kJ/mol) Predicted major 
product 
(Q 
t-Bu 
stable, but for all but the 6th substrate the difference in energy between the intermediates is 
relatively small. For this set of substrates we would expect to see a slight preference for the E 
Analogous to the first set of substrates, substitution at the carbinol carbon atom is predicted to 
have more influence over E/Z selectivity. 
Synthesis 
Reduction of each alcohol substrate proceeded smoothly, in all cases giving near 
quantitative yields. It was found that 5-penten-2-ol was too volatile to be dried under a high 
vacuum without sacrificing a significant amount of product. This would have made the removal 
oftypical flash chromatography solvents difficult. Therefore, each alcohol product was taken on 
crude into the DCC coupling reaction with 5-hexenoic acid. The crude products were fairly pure 
by proton NMR, owing to the fact that after quenching, aluminum salts are easily removed by 
filtration. Confirmation of successful reduction was obtained from the 13C NMR spectrum which 
shows a loss of a peak in the 170-180 range and the appearance of a peak around 60, 
corresponding to the transformation of the carbonyl group into an alcohol group. 
Coupling each alcohol substrate with 5-hexenoic acid generally afforded the 
corresponding diene in a moderate to high yield. This was not the case for 2-methylpent-4-enyl 
hex-5-enoate, which may have been an issue with moisture or impurities from the crude 
alcohol. It does not seems likely that the lower yield is a result of the substrate. The coupling 
results from nucleophilic attack by the alcohol on the activated carboxylic acid. Therefore, if 
crowding near the attacking oxygen atom by the methyl group were the cause of the lower 
yield, it would be expected that the yield would have been equally poor for the synthesis of 
hex-5-en-2-yl hex-5-enoate. A mixture of NMR and TLC was used to verify that the coupling had 
occured. A single spot by TLC along with the appropiate number of carbons and protons by 
NMR, suggested that the diene had been successfully made. 
RCM using Grubb's l 5t generation catalyst proceeded smoothly and rapidly with catalyst 
loadings of 10% by mole. At the .5mmol scale, for the substrates in this study, reactions 
reached completion in approximately 3 hours. Even after DMSO treatment and filtration, the 
crude products contained high levels of ruthenium. Ruthenium byproducts tended to streak 
down a flash column, eluting with pure hexanes for several fractions helped to remove some of 
these impurities. A gradient starting from 40:1 hexanes/ethyl acetate worked well for most 
substrates, but early fractions still contained ruthenium and were colored brown. 1H NMR 
spectrums of the crude reaction mixtures were used to determine the E/Z ratio by comparing 
the relative integrations of theE and Z alkene hydrogens. 
The experimentally determined E/Z ratios determined so far are in agreement with our 
computational predictions in that the reaction is non-stereoselective. 
Substrate E/Z Substrates 1 and 2 produced essentially 1:1 mixtures of the 
1 1.2:1 E and Z alkene isomers. This agrees with our computational 
2 1:1.6 analysis which showed that for substrates 1 and 2 there are 
3 TBD small energy differences between the E and Z forms of the 
4 TBD key metallacycle (Fig 2, compound 5). 
5 TBD 
Conclusions 
For both series of substrates (methyl substituted and t-butyl substituted) we have found 
only small energy differences between the E and Z metallacycle intermediates. The structure of 
these intermediates is non-classical, the planar and distorted structure of the 
metallacyclobutane owes to orbital interactions which have been previously described by other 
groups. We have shown that for metallacycles substituted with 10-membered lactone 
substrates, the unique metallacycle structure is preserved. For substrates studied thus far, small 
energy differences between E and Z meta llacycles correlates to ~1:1 E/Z mixtures when RCM is 
performed. 
Future Work 
The synthesis and characterization of three lactones in the methyl substituted series still 
remains, and there are other systems that seem worthwhile to investigate as well. Crimmins 
reported dramatic Z selectivity when starting from a substrate with a quaternary carbon on the 
diene (scheme 2, compound 10). It would be worthwhile to investigate whether this effect is 
predominately steric in nature. Substrates similar to 10, each with differing steric bulk at the 
carbinol carbon atom, can be computationally examined, synthesized, and used for RCM. The 
location of the quaternary carbon can also be varied, in order to determine which positions can 
heavily influence Z selectivity. Larger ring systems would also be interesting to examine. 
Exerpimental 
Computational 
All computations were performed using Spartan 2006 and Spartan 2008. Eight metallacycle 
intermediates (four E type and four Z type) were built for each substrate. The metallacycles 
were then geometry optimized at the DFT-B3LYP level of theory using the LACVP* basis set as 
implemented in Spartan. 
Synthetic 
Unless otherwise noted, all reactions were run under an inert atmosphere of nitrogen. 
Dichloromethane (DCM) was distilled over CaH2, tetrahydrofuran (THF) was distilled over 
sodium with a benzophenone indicator. All other commercially available reagents and solvents 
were used as received without further purification. Reactions were monitored by thin layer 
chromatography, using either 4:1 or 10:1 hexanes/ethyl acetate. TLC plates were developed 
under UV-Iight and stained with KMn04. 1H and 13C NMR spectrums were taken using a Varian 
400 MHz nuclear magnetic resonance spectrometer and were referenced to TMS. 
0 
~
1.LiAIH4 , THF 
-78°C toRT, 
overnight 
2. NaOH (aq) 
OH 
~
General procedure: To an oven dried 10ml round bottom flask equiped with a stir bar was 
charged of Lithium Aluminum Hydride (LAH) {70mg, 1.752mmol). The reaction vessel was 
sealed and pumped/purged with nitrogen. The flask was placed in a -78°( acetone bath and 
3ml of distilled THF were added through the septum using a syringe. The substrate (.225ml, 
1. 752mmol) was dissolved in 2ml of distilled THF, this solution was slowly added to the flask via 
syringe. The reaction was warmed to room temperature and left to stir overnight and quenched 
by addition of .6ml water, .6ml 15% NaOH, and 1.8ml water in turn. The crude mixture was 
filtered through celite and the solids were washed with diethyl ether ( 2 X 10ml). The filtrate 
was dried over MgS04, filtered, concentrated down using a rotary evaporator and placed on the 
house vacuum line to remove any remaining solvent. 
5-penten-2-ol 
~OH 
RF = 0.38 
1H NMR (400MHz, CDCI3) 5.9 (m, 1H), 5.0 (q, 2H), 3.9 (m, 1H), 2.2 (m, 2H), 1.6 (m, 2H), 1.4 (s, 
1H), 1.2 (d, 3H); 13C NMRlOO MHz, CDCI3) 5139, 117, 68, 39, 30, 24 
4-penten-1-ol 
~OH 
RF = 0.38 
1H NMR (400 MHz, CDCI3) d 65.8 (m, lH), 5.0 (m, 2H), 4.7 (t, 2H), 2.2 (m, 2H), 2.1 (br, 1H), 
1.7(m, 2H); 13C NMR(lOO MHz, CDCI3) 
2-methyl-4-penten-1-ol 
~OH 
RF = 0.34 
1H NMR (400 MHz, CDCI3) 65.9 (m, 1H), 5.0 (t, 2H), 3.5 (m, 2H), 2.2 (m, 1H), 1.2 (t, 2H), 0.9 (d, 
3H); 13C NMR(100 MHz, CDCI3) 6137, 116, 68, 38, 36, 26 
3-methyl-4-penten-1-ol 
~OH 
RF = 0.32 
1H NMR (400 MHz, CDCI3} 55.8 (m, 1H), 5.0 (t, 2H), 3.65 (m, 2H}, 2.3 (m, 1H), 1.6 (q, 2H), 1.0 (d, 
3H); 13C NMR(100 MHz, CDCI 3) 5144, 113, 61, 40, 35, 20 
4-methyl-4-penten-1-ol 
~OH 
RF = 0.32 
1H NMR (400 MHz, CDCI3) 64.7 (d, 2H), 3.65 (m, 2H), 2.1 (t, 2H), 1.73 (s, 3H), 1.7 (m, 2H), 1.45 
(broad, 1H); 13C NMR(100 MHz, CDCI3) 6145, 110, 63, 34, 30, 22 
OH 
~
DCC, DMAP, DCM \0 ~ 5-hexenoic acid, RT 
3 days 0 
~' 
General procedure: To an oven dried 250ml RBF with stir bar was charged 
Dicyclohexylcarboiimide(DCC) {309mg, 4.5mmol) and Dimethyalaminopyridine(DMAP) (61mg, 
1.5mmol) in 100ml of distilled DCM. The reaction vessel was sealed and pumped/purged with 
nitrogen. Via syringe were added the alcohol (100mg, 3mmol) and carboxylic acid {137mg, 
3.6mmol). The reaction was stirred for several days at room temperature, checked by thin layer 
chromatography. The crude mixture was filtered through celite and the solids were washed 
with 2X30ml diethyl ether. The filtrate was dried over Mg504, concentrated, and placed on the 
high vacuum line to remove any remaining solvent. Crude product was purified by flash 
chromotagraphy using 20:1 or 30:1 hexanes/ethyl acetate. 
hex-5-en-2-yl hex-5-enoate 
RF = 0.89 
1H NMR (400MHz, CDCI3) 65.8 (m, 2H), 5.0 {m, 4H), 4.1 (t, 1H), 2.3 (t, 2H), 2.1 (m, 4H), 1.7 (m, 
4H), 1.3(d, 3H); 13C NMR{100 MHz, CDCI3) 
pent-4-enyl hex-5-enoate 
0 
\7 
RF = 0.89 
1H NMR (400MHz, CDCI 3) 65.8 (m, 2H), 5.0 (m, 4H), 4.1 (t, 2H), 2.3 (t, 2H), 2.1 (m, 4H), 1.7 (m, 
4H); 13C NMR(100 MHz, CDCI3) 6174, 138, 137.5, 115.9, 115, 64, 33.6, 33, 30, 28, 24 
2-methylpent-4-enyl hex-5-enoate 
0 
\l 
RF = 0.85 
1H NMR (400 MHz, CDCI3) 65.8 (m, 2H), 5.0 (m, 4H), 3.9 (t, 1H), 3.7 (m, 1H), 2.4 (m, 4H), 2.1 (t, 
2H), 1.8 (m, 4H), 1.3 (m, 4H); 13C NMR(100 MHz, CDCI3) 6179, 138, 137.5, 115.9, 115, 58, 35, 31, 
28, 27, 25, 24 
3-methylpent-4-enyl hex-5-enoate 
RF = 0.87 
1H NMR (400MHz, CDCI3) 65.6-5.8 (m, 2HL 5.0 (m, 4H), 4.1 (m, 2HL 2.3 (t, 2H), 2.25 (m, 1H), 
1. 75 (t, 2H), 1.65 (q, 2H), 1.06 (d, 3H); 13C NMR(lOO MHz, CDCI3} 6174, 143, 138, 116, 114, 63, 
35.8, 35, 33.5, 33, 24, 20 
3-methylpent-4-enyl hex-5-enoate 
RF = 0 .85 
1H NMR (400 MHz, CDCI3) 65.8(m, 1H), 5.0 (t, 2H), 4.7 (d, 2HL 4.1 (t, 2H), 2.3 (t, 2H), 2.1 (m, 4H), 
1.75(m, 7H); 13C NMR(100 MHz, CDCI3) 6174, 145, 138, 116, 111, 63.5, 34, 33.8, 33, 27, 24.3, 23 
G1 , DCM, ;CO~~ ~x. 3hrs ~0 
General procedure: To an oven dried SOOmL round bottom flask equiped with a stirbar was 
charged the diene {100mg, .SSOmmol) in 200ml of distilled DCM. To this was added Grubb's 151 
generation catalyst (SOmg, .06mmol). The vessel was equiped with a condenser and the 
reaction was refluxed for 2-3 hours, checked by thin layer chromatography. The reaction was 
quenched with DMSO (.250mL) and allowed to stir overnight at room temperature. The crude 
mixture was filtered through a 2cm pad of silica and the solids were washed with lOOmL of 4:1 
hexanes/ethyl acetate. Crude product was purified by flash chromatography using a gradient 
40:1->30:1->20:1 hexanes/ethyl acetate. Residua l ruthenium colors the product brown. 
Sample ID: s_20090529_07 
File : s_20090529_07/data/Proton_Ol 
Automation directory: /home/walkup4/vnmrsys/data/auto_2009 .05. 21 
Pulse Sequence: s2pul 
Solvent: cdcl3 
Temp . 26 . 0 c I 299.1 K 
Sample #1, Operator: walkup4 
File : Proton_Ol 
VNMRS-400 "Varian-NMR" 
Relax. delay 1.000 sac 
Pulse 45.0 degrees 
Acq , time 2 . 049 sac 
Width 6410 . 3 Hz 
32 repetitions 
OBSERVE Hl, 399.8464025 MBz 
DATA PROCESSING 
Resol. enhancement -0 . 0 Hz 
FT size 65536 
Total time 1 min, 44 sac 
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Fi~e: 02 
Automati 
Pulse Sa· 
Solvent 
'l'amp. 2 
Sample 4 
File: 02 
VNMRS-40 
Ralax. 
Pu~se 4 
Acq. tim' 
Width 6 
8 repet 
OBSERVE 
OA'l'A PROC 
Reso~. 
F'l' size 
Total tim' 
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1 directory: /home/wa~kup3/vnmrsys/studies/exp1/auto_2009.01 . 23 
lance: s2pu~ 
cdcl3 
.0 c I 299.1 K 
, Operator: walkup3 
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11Vari.an-NMR n 
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~ions 
Hl, 399.8516069 MHZ 
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Sample ID: s_2009!019_02 
File: s_2009!019_02/data/Carbon_Ol 
Automation directory: /homa/walkup4/vnmrsys/studies/exp1/auto_ 2009 . 10 . 16 
Pulse Sequence: s2pul 
Solvant: cdc:l3 
Temp. 25.0 c I 298.1 K 
Sample #1, Operator: waikup4 
File: Carbon_Ol 
VNMRS-400 "Varian-NMR" 
Relax. delay 1.000 sec 
Pulse 45.0 degrees 
Acq. time !.300 sac 
Wi~h 24509.8 Hz 
2000 repetitions 
OBSERVE C13, 100.5398160 MHZ 
DECOUPLE Hl, 399.8418882 MHz 
Power 40 <lB 
continuously on 
WALTZ-16 modulated 
DATA PROCESSING 
Line broadening 0.5 Hz 
FT aize 65536 
Total time 1 hr, !6 min, 59 sec 
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Sample ID : s_2009l105_01 
Fila: s_2009U:05_01/data/Proton_Ol.fid 
Pulse Sequence: s2pul 
Solvant: cdcl3 
'l'amp. 25.0 c I 298.1 K 
Sample #2, Operator: walkup4 
Fila: Proton_Ol 
VNMRS-400 "Varian-NMR" 
Relax. delay 1.000 sec 
Pulse 45.0 dogrees 
Acq . tima 2.049 sac 
Width 6410.3 Hz 
32 repetitions 
OBSERVE Bl, 399.8398861 MHZ 
DATA PROCESSING 
Rasol. enhancement -0 . 0 Bz 
FT size 65536 
Total tim• 1 min 1 44 sac 
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Pulse Sequence: s2pul 
Solvent: cdcl3 
Tamp. 26 . 0 c I 299.1 K 
Sample #1, Operator: wa~kup3 
File: 0107 
VNMRS-400 "Va.rian-NMR.n 
Relax. delay 1.000 sac 
Pu~se 45.0 degrees 
Acq. time 2.049 sec 
Width 6410.3 HZ 
8 repetitions ~ 
::/; 
' OBSERVE H1, 399.8516077 MHZ '- ~ -:J.: .. ·=v 
DATA PROCESSING '..;-: (\ ~ ~ Raso~. enhancement -0.0 Hz t •, , 
"" FT size 65536 
Total time 0 min, 31 sac ,--
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Sample ID: 8_20090128_02 
File: 0108 
Automation directory: /home/wa1kup3/vnmrsys/studias/exp1/auto_2009 . 01 .23 
Pulse Sequence: s2pu1 
Solvent : edc13 
Tamp. 26.0 C I 299.1 K 
Sample #1, Operator: walkup3 
Fila: 0108 
VNMRS-400 "Varian-NMR" 
Relax. delay 1.000 see 
Pulse 45.0 degrees 
Aeq. time 1.300 see 
Width 24509.8 Bz 
512 repetitions 
OBSERVE Cl3 1 100.5427633 MBz 
DECOUPLE Hl, 399.8536141 MHZ 
Power 39 dB 
continuously on 
WALTZ-16 modulated 
DATA PROCESSING 
Line broadening 0.5 Bz 
FT size ·65536 
Total time 19 min, 42 sec 
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Sample ID: s_20091117_01 
File: s_20091117_01/data/Proton_01 
Automation directory: /home/walkup4/vnmrsys/studies/exp1/auto_2009 .11.10_03 
Pulse Sequence: s2pul 
Solvent: cd.cl3 
Temp. 25.0 C I 298.1 K 
Sample #1, Operator: walkup4 
J'ile: Proton_Ol 
VNMRS-400 "Varian-NMR" 
Relax . delay 1.000 sac 
Pulse 45.0 degrees 
Acq . time 2 . 049 sec 
Width 6410.3 Hz 
8 repetitions 
OBSERVE Hl, 399.8398887 MHz 
DATA PROCESSING 
Resol. enhancement -0. 0 Hz 
FT size 65536 
Total time 0 min, 31 sac 
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Samp~e ID : s _20100202_07 
Fi~e: 0601 
(.) 
~ ' l~o~y 
\\ I''" i 
Automation directory: /home/wa~kup4/vnmrsys/studies/expl/auto_201'0 . 02 . 02 
Pu~se Sequence: s2pu~ 
Solvent: cdcl3 
Temp. 25.0 c I 298.1 K 
Sample #6, Operator: walkup4 
File: 0601 
VNMR.s-400 "Varian-NMR" 
Relax . delay 1'.000 sec 
Pulse 45.0 degrees 
Acq. time 2.049 sec 
Wi atb 643:0 . 3 Hz 
@ rc~HHaM 
OBSERVE Bl, 399.8327!62 MHZ 
DATA PROCESSING 
Reso~ . cmhancament -0. 0 Bz 
FT size 65536 
Total tima 0 min, 31 sec 
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Sample ID: s_20091203_05 
File: 0408 
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Automation directory: /horne/walkup4/vnmrsys/data/auto_2009.12.02 
Pulse Sequence: s2pul 
Solvent: cdcl3 
Tamp. 25.0 c I 298.1 K 
Sample j4, Operator: walkup4 
File: 0408 
VNMRS-400 "Varian-NMR" 
Relax. delay 1.000 sec 
Pulse 45.0 degrees 
Acq. time 1.300 sec 
Width 24509.8 Hz 
512 repetitions 
OBSERVE C13, 100.5398175 MBz 
DECOUPLE Hl, 399.8418882 MBz 
Power 40 dB 
continuously on 
WALTZ-16 modulated 
DATA PROCESSING 
Line broadening 0.5 Hz 
FT size 65536 
Total time 19 min, 42 sec 
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Sample ID: s_20091203_04 
File: 0407 
Automation directory: /home/walkup4/vnmrsys/data/auto_2009.12 . 02 
Pulse Sequence: s2pul 
Solvent: cdcl3 
Temp. 25 . 0 C I 298.1 K 
Sample t4, Operator: walkup4 
File: 0407 
VNMRS-400 "Varian-NMR" 
Relax. delay 1.000 sec 
Pulse 45.0 degrees 
Acq. time 2.049 sec 
Width 6410.3 Hz 
8 repetitions 
OBSERVE H1, 399.8398892 MHZ 
DATA PROCESSING 
Resol. enhancement -0.0 Hz 
FT size 65536 
Total time 0 min, 31 sec 
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